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INTRODUCTION 
Over the past decades, there has been a growing interest in certain breathing-
related sleep disorders, especially obstructive sleep apnea (OSA), due to their 
established association with major cardiovascular diseases, cardiac arrhythmias, 
and sudden cardiac death (SCD) (Gami et al. 2013; Amino et al. 2016). In 
breathing-related sleep disorders, chronic sleep fragmentation and intermittent 
hypoxia shift the sympatho-vagal balance toward sympathetic predominance 
and vagal withdrawal (Palma et al. 2013), which may predispose to increased 
myocardial electrical instability. It has been determined that the major 
subgroups susceptible to adverse influences of surges in sympathetic activity 
during sleep are cardiac (Verrier and Josephson 2009) and OSA patients (Mehra 
et al. 2006). 
     Myocardial electrical instability, i.e. a predisposition to potentially life-
threatening ventricular arrhythmias, can be indirectly assessed by non-invasive 
physiological parameters, including those reflecting ventricular repolarization 
inhomogeneity and prolongation. Non-invasive electrocardiographic (ECG) 
parameters such as increased QT interval variability and duration have been 
recognized as powerful predictors of arrhythmic events and SCD in population 
with heart disease (Atiga et al. 1998; Dobson et al. 2011; Fischer et al. 2015).  
     OSA-related arrhythmogenic risks have increasingly received attention by 
the medical community, at the same time, less information is available on QT 
interval properties in OSA patients (Baumert et al. 2008; Voigt et al. 2011; 
Kilicaslan et al. 2012). Even more, limited data is available concerning QT 
interval variability and duration changes in patients during various sleep stages. 
Our knowledge concerning the physiological effects of rapid-eye movement 
(REM) on the temporal QT variability is limited. Since REM sleep is 
characterized by sympathetic surges and elevated sympathetic tone influences 
both QT interval variability (Mine et al. 2008; Baumert et al. 2011) and duration 
(Merri et al. 1993), the assessment of modulatory effects of sleep stages on 
ventricular repolarization parameters per se can add more understanding to 
arrhythmia genesis in OSA patients. The gender dependence of the magnitude 
of elevated sympathetic drive during sleep in OSA patients is also less known.    
     There remains no general consensus on the proper use of QT interval 
parameters in clinical practice for evaluation of risk in patients with OSA 
(Dobson et al. 2013; Baumert et al. 2016). Prediction of ventricular arrhythmias 
and SCD in OSA patients represent an unmet medical need. More research must 
be done to develop a specific method for quantifying risk for malignant 
ventricular arrhythmias that can be integrated into routine diagnostic assessment 
of apneic patients in order to achieve an improvement in the patient’s clinical 
management. 
     The general aim of this research was to investigate the ability of various 
mathematical algorithms to detect myocardial electrical instability in patients 
with and without obstructive sleep apnea by analysing polysomnographic 
recordings.  
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     For this purpose, the QT variability index (Bergerʾs QTVlog), QT interval 
correction formulas (the Bazett's equation, linear and parabolic heart rate 
correction formulas), and the Tpeak–Tend interval were applied in different 
sleep stages. 
o The aim of Publication I was to study whether REM sleep affects QT 

interval variability and duration in patients without OSA.  
o The aim of Publication II was to evaluate the gender difference of QT 

interval variability and duration in different sleep stages in non-apneic 
patients.  

o The aim of Publication III was to determine which noninvasive 
quantitative measure of ECG is more useful to detect myocardial electrical 
instability in patients with OSA. 

The doctoral thesis provides a general overview of the physiological basis of 
normal sleep, the current understanding of OSA pathophysiology in adults, and 
the standard diagnostic test for the diagnosis of OSA. A detailed discussion of 
the pathophysiology of OSA is beyond the scope of the present thesis, the focus 
is on the role of the autonomic nervous system. The thesis covers the clinical 
value and measurement principles of electrocardiographic QT interval 
parameters. 
     The novelty of the experimental study reported in this thesis lies in its 
methodological approach – the simultaneous application of the QT variability 
index (QTVI) and various QT interval correction (QTc) algorithms to 
polysomnographic ECG recordings at various sleep stages. The gender 
difference of QT interval variability and duration was evaluated in patients with 
and without OSA. 
     The ultimate goal of the study was to provide an appropriate screening 
measure that can be included into a sleep study to identify apneic patients with 
ventricular electrical instability. Appropriate referral to further cardiac 
evaluation for malignant ventricular arrhythmias may ensure an effective 
disease management and prevent sudden cardiac death.   
 
 
Approbation 
 
o Viigimäe, M., Karai, D., Pirn, P., Pindmaa, M., Pilt, K., Meigas, K., Kaik, 

J. (2015). QT interval variability in different sleep stages. – Proceedings of 
the 4th Cardiosleep International Congress, Paris, 11.   

o Viigimäe, M., Karai, D., Pirn, P., Pindmaa, M., Pilt, K., Meigas, K,. Kaik, 
J. (2015). Assessment of ventricular repolarization prolongation and 
inhomogeneity reflecting parameters in different sleep stages. – 
Proceedings of the EHRA EUROPACE-CARDIOSTIM 2015 Congress, 
Milano, 40935. 

o Viigimae, M., Karai, D., Meigas, K., Kaik, J. (2017). QT interval 
variability index during different sleep stages in patients with obstructive 
sleep apnea. – Proceedings of the 17th Nordic Sleep Conference, Tallinn, 
72 (P21). 

https://www.etis.ee/Portal/Publications/Display/f1569467-5941-4210-8205-23b8c97420b5
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ABBREVIATIONS 
 
AASM American Academy of Sleep Medicine   
AHI apnea-hypopnea index 
ANS autonomic nervous system 
BMI body mass index 
ECG electrocardiography 
EEG electroencephalography 
HR heart rate 
HRV heart rate variability 
NREM non-rapid eye movement sleep 
OSA obstructive sleep apnea 
PNA parasympathetic-nerve activity 
PNS parasympathetic nervous system 
PSG polysomnography 
QTc corrected QT interval 
QT/RR QT interval and heart rate relationship 
QTV QT-interval variability 
QTVI QT interval variability index 
QTVN normalized QT variability 
Tp-e Tpeak–Tend interval 
REM rapid-eye movement sleep 
RR interval between two R waves in the ECG 
SCD sudden cardiac death 
SNA sympathetic-nerve activity 
SNS sympathetic nervous system 
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TERMS 
 
o Apnea-hypopnea index – The number of apneas and hypopneas per hour 

during sleep; a measure of the severity of sleep apnea. 
o Arousal – Transient awakening from sleep (an abrupt shift of EEG 

frequency) lasting at least 3 seconds.  
o Autonomic nervous system – The part of the nervous system that consists 

of two physiologically and anatomically distinct, mutually antagonistic 
components: the sympathetic and parasympathetic parts.  

o Hypoxia – A state in which oxygen supply is insufficient. 
o Myocardium – The muscle tissue of the heart (cardiac muscle, heart 

muscle). 
o Oxygen saturation – The level of blood oxygen; refers to the fraction of 

oxygen-saturated hemoglobin (the molecule in red blood cells) relative to 
total hemoglobin (unsaturated + saturated) in the blood. 

o Oxygen desaturation – Reduction in oxyhemoglobin saturation, usually as 
a result of an apnea or hypopnea. 

o Parasympathetic nervous system – The part of the autonomic nervous 
system; inhibits or opposes the physiological effects of the sympathetic 
nervous system, slows the heart rate and dilates blood vessels. 

o Repolarization – The return of cell membrane potential to resting potential 
after depolarization.  

o Sudden cardiac death – An unexpected death due to heart problems, 
which occurs within on hour from the start of cardiac-related symptoms; the 
most common arrhythmias in the events of sudden cardiac death are 
ventricular fibrillation and sustained ventricular tachycardia. 

o Sympathetic nervous system – The part of the autonomic nervous system; 
inhibits or opposes the physiological effects of the parasympathetic nervous 
system, speeds up the heart and contracts blood vessels. 

o Ventricle – The part of the heart from which blood passes into the arteries.  
 
 
 
 
 
 
 
 
 
 
 
 

https://en.wikipedia.org/wiki/Oxygen_saturation_(medicine)
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1. PHYSIOLOGICAL BASIS OF SLEEP 
Sleep is a complex and dynamic process. Effects of normal sleep are related to 
circadian variations and sleep stages. 
     Physiological sleep can be divided into non-rapid eye movement (NREM) 
and rapid eye movement (REM) stages. The normal human adult enters sleep 
through NREM sleep. NREM sleep is currently distinguished into three stages 
according to the American Academy of Sleep Medicine (AASM) scoring rules 
(Berry et al. 2017). The sleep stages are defined based on the 
electroencephalogram (EEG). Stage N1 (NREM 1) and N2 (NREM 2) are the 
periods of shallow sleep. Stage N3 (NREM 3) is the period of deep sleep.  
     NREM sleep and REM sleep alternate within sleep cycles of approximately 
90 minutes in length. Approximately 4 to 5 NREM/REM cycles occur per night. 
NREM sleep constitutes about three quarters of each 90-minute cycle and 
approximately 75-80% of total sleep time in adults. Stage 2 of NREM sleep 
generally constitutes approximately 45% to 55% of sleep. REM sleep 
constitutes usually 20-25% of total sleep (Carskadon and Dement 2011). 
 

1.1 Activity of the autonomic nervous system during sleep stages    
The regulation of circulatory functions during the wake-sleep cycle is controlled 
by the autonomic nervous system (ANS).  
     The transition from wakefulness to NREM sleep is accompanied by 
increases in parasympathetic-nerve activity (PNA) and reductions in 
sympathetic-nerve activity (SNA), which together decrease the heart rate and 
blood pressure (Somers et al. 1993). NREM sleep is a state of lessened 
metabolic demands and cardiovascular quiescence – PNA is dominant and SNA 
is lowered and stable. Since adults spend 75-80% of their total sleep time in 
NREM sleep, sleep is generally considered a time of parasympathetic tone 
predominance and cardiovascular relaxation.  
     During the transition from NREM to REM sleep, the state of 
parasympathetic tone predominance is interrupted. REM sleep is accompanied 
by neural sympathetic activity similar to that while awake. Major surges in 
cardiac SNA are concentrated in short, irregular periods and may reach levels 
higher than during wakefulness (Somers et al. 1993).  
     During REM sleep, there is a marked increase in both the frequency and 
height of sympathetic bursts (Fig. 1), associated with intermittent striking 
surges in heart rate and blood pressure (Somers et al. 1993).  
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Figure 1. Sympathetic-nerve activity during sleep stages (neurogram). Changes in 
discharge frequency and amplitude are shown during the transition from stage 2 sleep to 
REM sleep (upper tracing) and the transition from REM sleep to stage 1 sleep with 
frequent “microarousals” and then to established stage 1 sleep (lower tracing). 
Reproduced with permission from Somers at al. 1993, Copyright Massachusetts 
Medical Society. 

Although, heart rate and blood pressure can increase similar to levels seen 
during wakefulness (Verrier et al. 1996), the average blood pressure and heart 
rate remain below waking levels since REM sleep comprises only 20% of total 
sleep time.  
     In general, the dynamics of heart rhythm vary between sleep states. The 
autonomic stability of NREM sleep provides a neurohumoral background 
during which the heart has an opportunity for relaxation. REM sleep can be 
described as erratic, it is characterized by a varying pattern of heart rate.  
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2. OBSTRUCTIVE SLEEP APNEA 
Breath-related sleep disorders describe a group of disorders characterized by 
abnormalities in the frequency and depth of breathing during sleep. It consists 
of a spectrum of clinical disorders ranging from simple snoring to more serious 
forms. 
     Obstructive sleep apnea (OSA) is the most prevalent variant of sleep-
disordered breathing. Prevalence varies according to the population studied – 
the estimated prevalence in men is 3-8% and in women 1-5% (Punjabi 2008). 
The Wisconsin Sleep Cohort Study of 30-60 year old workers found that 4% of 
men and 2% of women suffer from this disorder (Young et al. 1993). With 
progressively rising prevalence, OSA is attributable to the increasingly aged 
population and the obesity epidemic (Peppard et al. 2013).  
     The prevalence rates increase with age in both genders, with each 10-year 
increase in age, the odds ratio of having obstructive sleep apnea is 2.2 (Duran et 
al. 2001). 
 

2.1 Pathophysiology of obstructive sleep apnea 
Obstuctive sleep apnea is characterized by intermittent episodes of partial or 
complete obstruction (collapse) of the upper airway (pharynx) during sleep (Fig. 
2) resulting in reduced (hypopnoea) or absent (apnoea) airflow at the 
nose/mouth (Deegan and McNicholas 1995). 

.  
Figure 2. Illustration of the airway obstruction.  
[CC0: By Habib M'henni, https://creativecommons.org/publicdomain/]  
      
Each episode of airway obstruction is associated with absent or decreased air 
entry into the lungs. The condition is usually associated with hypoxaemia and 
apnoeas are typically terminated by brief arousals (microarousals), which result 
in marked sleep fragmentation (Deegan and McNicholas 1995). 
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     OSA is associated with nocturnal autonomic imbalance, with enhanced 
parasympathetic tone during the apneas and hypopneas and enhanced SNS 
activation subsequent to the apneic events (Guilleminault et al. 2005). Hypoxia, 
as a result of the obstructive apneic episodes, augments sympathetic activity via 
reflex mechanisms, stimulating peripheral and central chemoreceptors. The 
increase in SNA by hypoxia is amplified by increases in carbon dioxide levels 
caused by the apnea (Somers et al. 1989). The SNS activation leads to surges in 
heart rate and blood pressure, increased myocardial workload and myocardial 
oxygen demand (Somers et al. 1995; Stoohs and Guilleminault 1992). In 
addition, it has been indicated that patients with OSA have an increased 
sympathetic predominance during REM sleep (Somers et al. 1995; Narkiewicz 
et al. 1998). Airway obstruction is eventually terminated by an arousal from 
sleep and breathing resumes.  
     Repeated episodes of absence of air flow are associated with a number of 
pathophysiological effects that have important clinical consequences. The 
pattern of intermittent hypoxia seems to be a key pathophysiological cause of 
adverse cardiovascular effects (Maeder et al. 2016). The adverse effects of OSA 
on the cardiovascular system are not only related to sleep. The surges in SNA 
occur repetitively with each obstructive apnea episode leading to the persistent 
autonomic imbalance. Recurrent hypoxia leads to the heightened sympathetic 
drive which will continue while the person is awake (Somers et al. 1995).  
     Compared with healthy controls, patients with OSA have faster heart rates 
and reduced heart rate variability during sleep and wakefulness (Somers et al. 
1995; Narkiewicz et al. 1998), suggesting that there is increased cardiac 
sympathetic drive. 
 
2.2 Sudden cardiac death and OSA 

A growing body of evidence confirms strong associations between OSA and 
cardiovascular diseases, including coronary artery disease (Lamberts et al. 
2014), hypertension (Peppard et al. 2000; Kohler at al. 2011; Vardhan and 
Shanmuganandan 2012; Luyster et al. 2014) and ventricular dysfunction (Arias 
et al. 2005; Romero-Corral et al. 2007; Danika et al. 2014; Korcarz et al. 2016).  
     Obstructive sleep apnea has been associated with the occurrence of different 
kinds of arrhythmias (Amino et al. 2016). The Sleep Heart Health Study 
reported that OSA patients had a significantly higher rate of ventricular 
arrhythmias compared with non-OSA patients. Individuals with OSA had 
almost twice the odds of complex ventricular ectopy compared with those 
without OSA (OR, 1.74; 95% CI, 1.11–2.74), even after adjusting for age, sex, 
body mass index, and coronary artery disease (Mehra et al. 2006). 
     An increased risk of ventricular arrhythmias, either as a result of nocturnal 
myocardial ischemia (decreased myocardial oxygen supply) or increased SNA, 
may account for the increased risk of SCD in OSA patients.  
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     The study of the diurnal timing of SCD demonstrated that patients with OSA 
were more likely to experience their sudden events at night than those without 
OSA. In subjects with OSA, the relative risk of SCD from midnight to 6 am was 
2.6, compared with the relative risk of 0.8 in non-OSA subjects (Gami et al. 
2005). It was suggested that SCD is more likely to occur during usual sleep 
hours in individuals with OSA, which is the time when SCD is least likely in 
the general population.  
     There is some new evidence showing the association of OSA with sudden 
cardiac death. The longitudinal study, in which 10,701 patients were included 
and followed for 15 years, revealed that OSA predicted the risk of SCD and the 
magnitude of risk was predicted by OSA severity (Gami et al. 2013). 
     Although the exact pathophysiological factors linking OSA and ventricular 
arrhythmias are not conclusively identified, patients with sleep apnea may be 
predisposed to arrhythmias because of alterations in sympathetic and 
parasympathetic nervous system activity occurring with apneas and arousals.  
     Chronic sleep fragmentation and intermittent hypoxia may shift the 
sympatho-vagal balance toward sympathetic predominance and a vagal 
withdrawal (Shepard et al. 1985; Palma et al. 2013) which may predispose to 
increased myocardial electrical instability. 
      

2.3 Polysomnography (sleep study) 
Polysomnography (PSG) is the gold standard for the diagnosis of OSA, 
according to sleep medicine guidelines (Epstein et al. 2009). The device used 
for measuring and recording physiological signals during sleep is called as 
polysomnograph. The test result is called a polysomnogram (Fig. 3). The 
overnight sleep study is performed in a sleep laboratory, is continuously 
supervised by a trained technician and scored by a sleep specialist. PSG consists 
of a simultaneous recording of multiple physiological parameters related to 
wakefulness and sleep stages.  
     Current standards for overnight PSG require the concurrent monitoring of 
sleep structure, cardiac rhythm, oxyhemoglobin saturation, and respiration 
(Berry et al. 2017). The general parameters that must be reported (Berry et al. 
2017): 

o electroencephalogram derivations (brain electrical activity); 
o electrooculogram derivations (eye movement); 
o chin electromyogram (chin muscle activity); 
o leg electromyogram (leg muscle activity); 
o airflow signals; 
o respiratory effort signals (chest and abdominal movement); 
o oxygen saturation; 
o body position; 
o electrocardiogram (myocardial electrical activity). 
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Figure 3. Illustration of the polysomnogram. Screenshot of a person in stage N3 sleep. 
[CC: By Nascar Ed, https://creativecommons.org/licenses/by-sa/3.0/deed.en].  

 
OSA is diagnosed based on a sleep study where the number of apneas and 
hypopneas is assessed to calculate the apnea–hypopnea index (AHI). The AHI 
is defined as the average number of apnea and hypopnea episodes that occur 
during sleep expressed in events per hour, it is a commonly used clinical index 
that describes the severity of OSA. OSA  severity is commonly defined as mild 
with an AHI  ≥ 5 and < 15, moderate with an AHI  ≥ 15 and ≤ 30, or severe 
with an AHI > 30 (Epstein et al. 2009). An AHI of less than five events per hour 
of sleep is considered to be normal.  
     In summary, OSA is a heterogeneous disorder. Increased SNA plays an 
important role for the development of lethal ventricular arrhythmias and may 
explain an increased risk of SCD. Polysomnography, also called a sleep study, 
is a comprehensive recording of the physiological changes that occur during 
sleep.  
  

https://creativecommons.org/licenses/by-sa/3.0/deed.en
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3. MEASURES OF VENTRICULAR EPOLARIZATION  
Myocardial electrical instability, a predisposition to potentially life-threatening 
ventricular arrhythmias, can be indirectly assessed by non-invasive parameters, 
including those reflecting ventricular repolarization variability and 
prolongation.  
     A parameter derived from the ECG signals called the QT interval can be 
used in the evaluation of ventricular repolarization abnormalities. The QT 
interval (Fig. 4) represents the time from the beginning of ventricular 
depolarization (beginning of the QRS complex) to the end of ventricular 
repolarization (end of the T wave).  
     The selection of lead II for QT measurement, when a single ECG lead is 
used,  is based on the assumption that the vectors of repolarization in that lead 
result in a long single wave rather than discrete T and U waves (Goldenberg et 
al. 2006).  

 
Figure 4. Illustration of the QT interval (ECG). 
      
QT intervals can be measured manually, which is time-consuming; therefore, 
specific software algorithms for the automated measurement of 
electrocardiographic durations have been developed (Laguna et al. 1994, 
Moody et al. 2006).  
     Different QT interval dispersion, prolongation and variability estimation 
models have demonstrated their utility for high-risk patient identification. 
Although ventricular repolarization determination methods have been 
recognized as powerful predictors of arrhythmic events and SCD in heart 
disease population (Barr et al. 1994; Periömäki et al. 1995; Berger et al. 1997; 
Atiga et al. 1998; Dobson et al. 2011; Fischer et al. 2015), only few studies have 
examined QT interval properties in OSA patients (Gillis et al. 1991; Baumert et 
al. 2008; Rossi et al. 2012).  

http://www.sciencedirect.com/science/article/pii/S0022073613005682?via%3Dihub#bb0020
http://www.sciencedirect.com/science/article/pii/S0022073613005682?via%3Dihub#bb0020
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     In addition, limited data (Lanfranchi et al. 2002) is available concerning QT 
interval variability and duration changes during various sleep stages. 
 

3.1 QT interval variability – measurement and clinical value 

The clinical reliability of QT interval measurement is complicated because of its 
substantial rate dependence with a lengthening at slow and shortening at fast 
heart rates (Smetana and Malik 2013). The duration of the QT interval in the 
ECG may vary also between individual beats, reflecting beat-to-beat changes in 
ventricular repolarization – QT interval variability (QTV). Under normal 
conditions, QTV is small, with a standard deviation typically below 5 ms 
(Avbelj et al. 2003; Baumert et al. 2016).  
     Although the mechanisms contributing to QTV are incompletely understood, 
ANS activity and reduced repolarisation reserve (functioning ion channel 
redundancy that can compensate for damaged channels if necessary) have both 
been implicated (Cappato et al. 1991; Yeregani et al. 2000a; Magnano et al. 
2002; Piccirillo et al. 2009; Baumert et al. 2009; Porta et al. 2010; Baumert et 
al. 2011). 
     Beat-to-beat changes in repolarization variability can be quantified using a 
number of algorithms.  QT interval variability is most often measured using the 
QT variability index (QTVI), proposed by Berger and colleagues (1997). QTVI 
is a non-invasive measure of QT interval variability that assesses temporal 
myocardial repolarization lability. The index is defined as: 
 



















=

2

2

10log

RRm
RRv

QTm
QTv

QTVI ,         (1) 

where QTv represents the QT interval variance, QTm is the mean QT interval, 
RRv is the RR interval variance, and RRm is the mean RR interval. The index 
quantifies the magnitude of QT interval variation, normalized by both the mean 
QT duration and the magnitude of HR variation. The recommended duration of 
the recording to determine QT variability is 256 s (Berger et al.1997). 
     To interpret results, it is important to understand that a rise in QTVI could be 
due to either an increase in QT variance or a fall in HR variance (Berger et al. 
1997). Healthy individuals typically have QTVI values less than −1 (Dobson et 
al. 2013). Decreased QTVI negativity and positive values indicate a propensity 
for malignant ventricular arrhythmias (Baumert et al. 2016).  
      
 
 

http://ajpheart.physiology.org/content/309/7/H1218.long#ref-32
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     QTVI has been utilized as a predictor of malignant ventricular arrhythmias 
and risk for SCD in various cardiac (Atiga et al. 2000; Vrtovec et al. 2000; 
Murabayashi et al. 2002; Haigney et al. 2004; Piccirillo et al. 2007; Haigney et 
al. 2009; Tereshchenko et al. 2012; Niemeijer et al. 2014) and non-cardiac 
conditions (Alam et al. 2009; Gao et al. 2005; Yeragani et al. 2000b). QTVI is 
an assessment tool for risk of SCD not only in high-risk groups but also in 
patients with mild-to-moderate arrhythmic risk (Atiga et al. 1998; Berger et al. 
1997). It has been observed that elevation of QT variance, rather than a drop in 
HR variance, was responsible for increased QTVI in cardiac patients 
(Tereshchenko et al. 2012). In non-cardiac conditions, decreased HRV and 
unchanged or mildly increased QT variance was usually observed 
(Tereshchenko and Berger 2011).  
     Recently, Baumert and co-authors (2016) published the position statement 
and consensus guidance on measurement, physiological basis, and clinical value 
of QT interval variability in body surface ECG. In that paper, the QT variability 
index was considered as an important high risk patient stratification method. 
     Limited data is available on QTVI as a parameter predicting ventricular 
arrhythmias in sleep-related breathing disorders. Baumert et al. (2008) 
evaluated OSA-related changes in variability of QT interval duration and heart 
rate and the relationship of these parameters to disease severity. Their study 
suggested that beat-to-beat QT interval analysis might be more sensitive than 
standard HRV parameters. However, the study did not evaluate gender 
differences. 
 

3.2 Corrected QT interval – measurement and clinical value 
The normal QT interval varies with time of the day and with heart rate (Molnar 
et al. 1996; Goldberger et al. 2008). Therefore, the QT interval should undergo 
rate correction (QTc) to compare measurements at different time points and at 
different heart rates (Vandenberk et al. 2016). 
     Several mathematical algorithms have been proposed to describe the QT 
interval and heart rate (QT/RR) relationship and to derive a heart rate-corrected 
QT interval (i.e., a HR independent QT interval). Some of the algorithms for 
calculating QTc are shown in Table 1.  
     Heart rate correction methods assume that a mathematical form exists to 
describe the physiological QT/RR relation (Malik et al. 2002).  
      One of the earliest formulas was published by Bazett (1920). It is the most 
used correction method in clinical studies, in spite of the fact that it overcorrects 
the QT interval at high heart rates and under-corrects it at slow heart rates 
(Rautaharju et al. 1990; Dogan et al. 2005). Therefore, Bazett’s formula can 
only be applied to correct the QT interval within a range of heart rate between 
50 and 90 beats per minute.  The formula defines the normal value as < 440 ms 
for men and < 460 ms for women (Bazett 1920). 
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Table 1. Algorithms for calculating QTc 

Denomination Formula 

Exponential formula (Bazett, 1920) QTc = QT / RR0.5 

Exponential formula (Fridericia, 1920) QTc = QT / RR 0,33 

Linear formula (Sagie et al. 1992) QTc = QT + 0,154 (1 – RR) 

Linear model (Malik et al. 2002) QTc = QT + α x (1 – RR) 

Hyperbolic model (Malik et al. 2002) QTc = QT + α x (1 /RR  – 1) 

Parabolic model (Malik et al. 2002) QTc = QT/RRᵅ 

Logarithmic model (Malik et al. 2002) QTc = QT – α x log (RR) 

Modified logarithmic model (Malik et al. 
2002) 

QTc = log (eQT + α x (1 – RR)) 

Exponential model (Malik et al. 2002) QTc = QT +  α x (e–RR – 1/e) 
Abbreviations: QTc, corrected QT interval; QT, QT interval; α, slope of the regression; 
RR, RR interval; e, exponential function with base.              

The American Heart Association, the American College of Cardiology 
Foundation, and the Heart Rhythm Society (AHA/ACCF/HRS) have 
recommended that rate correction of the QT interval should not be attempted 
when the heart rate variability is large (Rautaharju et al. 2009). In addition, 
there is still no definite consensus about the normal limits of the QTc interval 
(Molnar et al. 1996; Toivonen 2002).  
     A heart rate correction formula that performs well in one subject may 
overcorrect or undercorrect the QT interval in another subject (Malik et al. 
2002). Since QT/RR relationship varies among individuals, individual-specific 
correction formulas that take into account hysteresis (the time of adaptation of 
the QT interval to HR) effects have been proposed (Malik et al. 2013). 
     Several studies have associated the QTc interval with the risk of both 
arrhythmias and SCD in the general population (Schouten et al. 1991; Montanez 
et al. 2004; Straus et al. 2006; Zhang et al. 2011) and in patients with 
cardiovascular disease (Algra et al. 1991; Malik et al. 2010). 
     The data on increased QTc in OSA is rather inconclusive. Prolongation of 
the QT interval in OSA patients has been reported (Çiçek et al. 2012; 
Shamsuzzaman et al. 2015).  
     Gillis and colleagues (1991) found that apneic episodes in OSA were 
associated with both QT prolongation due to increased vagal activity and abrupt 
QT shortening during post-apnea due to increased sympathetic tone and/or 
vagal withdrawal; and yet, Barta et al. (2010) studying the effect of sleep apnea 
demonstrated that QTc interval did not show any significant change in 24-
hours.  
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3.3 Tp-e – measurement and clinical value 

The T peak-to-end (Tp-e) interval represents a ECG index of arrhythmia risk 
(Kors et al. 2008). It has been suggested that prolongation of the Tp-e interval 
reflects global (apico-basal) heterogeneity of ventricular repolarization and can 
be used as a marker for risk of ventricular arrhythmias.  
     Increased Tp-e interval has been reported to be associated with cardiac 
diseases (Haarmark et al. 2009), potentially life-threatening ventricular 
arrhythmias and SCD (Panikkath et al. 2011), as well as in patients with 
moderate to severe OSA (Kilicaslan et al. 2012). 
 

3.4 Electrophysiological effects of normal sleep and gender  

Studies investigating the effect of sleep on the QT interval have established that 
QT interval duration exhibits a circadian pattern (Extramiana et al. 1999). 
Browne et al. (1983) first reported a prolongation of the QT interval during the 
night. In normal subjects, QTV appears to be lower during night time compared 
with day time (Kostis and Belina 2000; Bonnemeier et al. 2003; Jensen et al. 
2004). Diurnal changes of the QT interval are dependent on variations in 
autonomic tone (Bexton et al. 1986; Murakawa et al. 1992).  
     Gender is an important modulating factor of ventricular repolarization. 
Females have longer action potentials, a lower repolarization reserve (Somerts 
et al. 1993; Surawicz and Parikh 2003; Abi-Gerges et al. 2004; Sredniawa et al. 
2005; Rautaharju et al. 2014), and higher susceptibility to several arrhythmias 
than the same-aged males (Yarnoz and Curtis 2008). The first to confirm the 
gender difference was Bazett (1920), who showed a 24ms longer QT interval in 
females than in males. Recent studies have also shown a gender effect on QT 
variability – increased QTV in females (Hasan et al. 2012; Hnatkova et al. 
2013; Sur et al. 2013). 
     It is considered that autonomic nervous function differences and hormonal 
influence on ion-channels´ function are among the responsible mechanisms for 
gender differences in ventricular repolarization and corresponding arrhythmic 
risk (Piccirillo et al. 2009; Baumert et al. 2016). Nevertheless, there is little 
evidence addressing the association between the ventricular repolarization 
parameters and sleep stages (Gillis et al. 1988, Lanfranchi et al. 2002; Baumert 
et al. 2008).       
     In summary, there is a growing clinical interest in assessing repolarization 
instability from surface ECGs. QTVI has been proposed as a possible non-
invasive assessment tool for identifying patients at risk of SCD. QT 
prolongation is associated with a risk for cardiac arrhythmias. The purpose of 
heart rate correction is to receive QTc value independent of the underlying HR. 
Little is known about the proper use of QT interval parameters in clinical 
practice for evaluation of risk in patients with OSA and the QT interval changes 
in female and male patients during various sleep stages. 

http://oxfordmedicine.com/search?siteToSearch=aup&q=repolarization+reserve&searchBtn=Search&isQuickSearch=true
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4. EXPERIMENTAL STUDIES 
 

4.1 Methods 
All studies were performed after approval by the Tallinn Medical Research 
Ethics Committee at the National Institute for Health Development, decision no. 
1170 (30.09.2015). The studies involved the retrospective analysis of 
laboratory-based PSG recordings by using the patient database of the Mae 
Pindmaa Sleep Clinic (Tallinn, Estonia). The database contains data from 396 
(220 male and 176 female) patients. 

Study population 

The initial study population consisted of 179 (106 male and 73 female) patients, 
20 to 80 years, referred to the Mae Pindmaa Sleep Clinic (Tallinn, Estonia) 
between 2013 and 2014 for a sleep study because of clinically suspected 
breathing-related sleep disorders. Patients were selected on the basis of stored 
PSG recordings and clinical characteristics. The flow chart of the study subjects 
selection is shown in Figure 5. 

 

 
Figure 5. Flow chart of study population. Abbreviations: AHI, apnea-hypopnea index. 

In all experiments, the following exclusion criteria were applied: evidence of 
cardiac, pulmonary or central nervous system disease; use of medications 
known to affect the QT interval parameters (e.g. I and III class antiarrhythmic, 
antihistaminic, psychotropic, or antibiotic drugs); abnormal ECG (e.g. non-
sinus rhythm, intraventricular conduction delay); poor ECG signal quality; 
insufficient length of analyzable sleep stage. 

179 patients

106 men

AHI < 5                               
52

22 excluded,
30 eligible

Publication I

24 Publication II
15 Publication III

AHI ≥ 5 
54

41excluded, 
13 eligible

Publication III

73 women

AHI < 5                   
42 

15 Publication III

18 excluded,      
24 eligible

Publication II

AHI ≥ 5                     
31

16 excluded. 
15  eligible

Publication III
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     After the exclusion criteria were applied, 82 patients were selected from the 
initial study population. The number of patients in the studies was as follows: 

o 30 male patients in the first study (Publication I); 
o 48 (24 male and 24 female) patients in the second study (Publication 

II); 
o 58 (28 male and 30 female) patients in the third study (Publication III). 

It is important to point out that for the second study, male patients were selected 
from the first study population and for the third study, the non-OSA group 
(males and females) was selected from subjects of the second study (Figure 5).  
 

Polysomnographic recordings analysis 

The PSG data was obtained from routine diagnostic procedures. The signals 
were registered with polysomnography recorder Rembrandt Monet Artist SLP 
EZ 24 (Medicare Automation B.V, Netherlands). Electrodes and sensors were 
placed by a professional polysomnography nurse. Sampling frequency for 
physiological signals was 200 Hz. The duration of the recordings was from 8 to 
9 hours. Data processing was performed using the Rembrandt Analysis 
Manager (version 7.5, Medicare Automation B.V, the Netherlands). All PSG 
recordings were analyzed by a certified sleep technician and verified by a sleep 
physician according to the American Academy of Sleep Medicine criteria (Iber 
et al. 2007).      
     The selection of digital PSG recordings for the research study (Publications I 
– III) was carried out in the Department of Health Technologies at the Tallinn 
University of  Technology. In each recording, two awake, three REM and three 
NREM (stage 2) sleep episodes (300 consecutive seconds each) suitable for 
further processing were selected. For Publication II an additional episode of 
NREM stage 3 was included for each patient. All selected epochs were marked 
for further usage in the analysis. 
 

ECG signal pre-processing and analysis 

ECG signals (lead II) from the selected episodes of polysomnograms were 
anonymized, converted to EDF format and resampled to sampling frequency of 
256 Hz (Publication I) and 512 Hz (Publication II and III).  
     The recorded signals were pre-processed in LabVIEW (National 
Instruments, USA) environment, applying the signal converting Physionet 
toolkit (Goldberger et al. 2000).  
     The R-wave peaks were detected and the extrasystoles identified using Pan-
Tompkins algorithm (Hamilton and Tompkins 1986). The RR intervals were 
converted to Normal-to-Normal intervals. Ectopic beats, as well as pre-and 
post-extrasystolic beats, were not included in the analysis.   
     The T-wave location and type were detected using Ecgpuwave software 
(Laguna et al. 1994). Only monophasic well-defined T-waves were accepted. 
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The end of T- wave was determined by the tangent method (Lepeschkine and 
Surawicz 1952; Batchvarov et al. 1998) (Fig. 6). 
 

 
 
Figure 6. The tangent method. The end of the T wave is determined by the intersection 
of a tangent line extrapolated from the T wave at the point of maximum downslope to 
the isoelectric baseline. 
 
The inter-observer measurement error was avoided by using measurements 
made by the same trained operator.   
     Publications I – III present  the algorthms used in the experimental studies. 
The QT interval variability index (Berger et al. 1997)  was used to measure QT 
interval variability (Formula 1: 19).  
     The average absolute QT was normalized for variations of RR by applying 
correction algorithms as follows:  
 
nonlinear formula (Bazett 1920) 

5.0RR
QTQTc = ,          (2) 

linear regression model (Malik et al. 2002)  
 

( )RRQTQTc −⋅+= 1α ,         (3) 
 

and parabolic regression model (Malik et al. 2002) 
 

αRR
QTQTc = ,                       (4) 

where α is the slope of the regression.  
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     The rationale for choosing specifically these three heart correction methods 
are as follows: 
o Bazett's formula – commonly used in clinical practice, can be applied to 

correct the QT interval within a range of heart rate between 50 and 90 beats 
per minute (Rautaharju et al. 1990; Rautaharju et al. 2009); 

o Linear and parabolic regression models – to determine a precise 
determination of QTc interval, individually optimized HR correction is 
more sensitive than an universal correction formula to detect minor changes 
in QTc interval (Malik et al. 2002), linear and parabolic regression models 
are the types of optimum models (Malik et al. 2002; Veski et al. 2010); 

o α minimal and α 0.2 – to provide more accurate results for heart rate 
correction (Malik et al. 2002; Veski et al. 2010). 

In addition, the T-wave apex to T-wave end interval (Tp-e) duration in all 
episodes was measured (Publication I). 
 
Statistical analysis  

In Publications I – III, the results were presented as means ± standard deviation 
(SD). Statistical tests used in all experiments are presented in Table 2. 
 
Table 2. Summary of statistical tests 

Publication Statistical tests 

I Student’s t-test – Between-group comparisons of variables.  

II Kolmogorov-Smirnov test – Normality of study variables. 

Student’s t-test – Study population characteristics and sleep 
variables between genders, difference between sleep stages 
within gender.  

Wilcoxon rank sum test – Non-normally distributed AHI. 

Two-way analysis of variance followed by Tukey HSD post-hoc 
tests for pairwise comparisons – Differences between wake-sleep 
stages and genders. 

III Kolmogorov-Smirnov test – Normality of study variables. 

Student’s t-test – Study subjects characteristics, sleep variables. 

Wilcoxon rank sum test – Non-normally distributed AHI. 

Full factorial three-way analysis of variance followed by Tukey 
HSD post-hoc tests for pairwise comparisons – HRV, QTV 
interval variability and duration differences between OSA and 
non-OSA groups, wake-sleep stages and genders.  

Abbreviations: AHI, apnea-hypopnea index; HRV, heart rate variability; OSA, 
obstructive sleep apnea. 
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     For the statistical analysis the Microsoft Excel version 2007 (Microsoft 
Corp., Redmond, WA, USA) (Publication I – III) and statistical package R 
version 3.2.3 (R Foundation for Statistical Computing, Vienna, Austria) 
(Publication II – III) were used. Two-sided p value lower than 0.05 was 
considered statistically significant. 
 

4.2 Results  
General characteristics of the study population are summarized in Table 3. 

Table 3. Characteristics of study subjects  
 Publication I Publication II Publication III 
Total number 
 of patients 
(M/F) 

30 (M) 48 (24/24) 58 (28/30) 
OSA: 28 (13/15)  
non-OSA: 30 (15/15)  
 

Age (yr)  40.0 ± 11.5  M: 40.0 ± 11.9  
F:  43.4 ± 15.2 
 

OSA/M: 47.5 ± 11.7 
OSA/F: 60.0 ± 9.4 
non-OSA/M: 39.2 ± 12.1 
non-OSA/F: 51.5 ± 12.4 
 

BMI (kg/m²) 26.8 ± 4.8 kg/m² M: 26.1 ± 4.2 
F:  24.7 ± 4.1 
 

OSA/M: 32.5 ± 2.7 
OSA/F: 33.2 ± 6.1 
non-OSA/M: 26.0 ± 4.1 
non-OSA/F: 25.5 ± 2.9 
 

AHI (n/h) 1.5 ± 1.4 M: 1.4 ± 1.4 
F:  0.9 ± 1.1 
 

OSA/M: 31.2 ± 18.1 
OSA/F: 19.7 ± 19.8 
non-OSA/M: 1.2 ± 1.0 
non-OSA/F: 1.0 ± 1.2 
 

SpO2 (%) Awake 94.8 ± 1.9 
NREM 94.5 ± 1.3 
REM    94.6 ± 1.6 

M: 95.0 ± 1.5 
F:  96.0 ± 1.2 

OSA/M: 90.9 ± 7.8 
OSA/F: 92.4 ± 1.4 
non-OSA/M: 95.4 ± 0.9 
non-OSA/F: 95.3 ± 1.4 

Abbreviations: M, males; F, females; OSA, obstructive sleep apnea; NREM, non-rapid 
eye movement sleep stage; REM, rapid eye movement sleep stage; BMI, body mass 
index; AHI, apnea-hypopnea index; SpO2, arterial oxyhemoglobin saturation. 

In Publication II, there were no significant group differences in general 
characteristics. In Publication III, there were no significant differences between 
OSA and non-OSA males in terms of the mean age but females with OSA were 
older than females without OSA (P = 0.026). As expected, patients with OSA 
had a higher BMI, AHI and lower SpO2 when compared with patients without 
OSA. Sleep structure was similar in all groups, including total sleep time, 
percentage of NREM and REM sleep (Publication I – III). 
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4.2.1 REM sleep and ventricular repolarization (Publication I) 
Mean values of QT interval variability and duration during the sleep stages in 
non-apneic males are presented in Table 4. 

Table 4. Mean values of QT interval variability and duration calculated by 
mathematical algorithms in wake-sleep stages. 

Variables Awake NREM REM 
QTVI –1.0 ± 0.3 –1.1 ± 0.3 –1.2 ± 0.3 

Tp-e (ms) 72.4 ± 7.2 75.9 ± 6.6 74.3 ± 6.4 

QTc Bazett mean (ms) 383.7 ± 18.4 384.7 ± 19.9 388.8 ± 19.9 

QTc Lin α min mean (ms) 376.2 ± 22.1 389.7 ± 21.7 384.2 ± 21.6 

QTc Par α min mean (ms) 376.0 ± 22.3 389.6 ± 21.7 384.1 ± 21.7 

QTc Lin α 0.2 mean (ms) 374.5 ± 24.6 389.3 ± 23.0 382.0 ± 23.8 

QTc Par α 0.2 mean (ms) 377.9 ± 18.6 387.3 ± 18.9 384.5 ± 19.8 

Data is expressed as means ± SD. Abbreviations: NREM, non-rapid eye movement 
sleep stage; REM,  rapid eye movement sleep stage; QTVI, QT variability index; Tpe, 
T-wave peak to T-wave end interval; QTc Bazett, rate corrected QT interval based on 
Bazett’s formula; QTc Lin α min, rate corrected QT interval based on linear regression 
model α minimum; QTc Par α min, rate corrected QT interval based on parabolic 
regression model α minimum; QTc Lin α 0.2, rate corrected QT interval based on linear 
regression model α 0.2; QTc Par α 0.2, rate corrected QT interval based on parabolic 
regression model α 0.2. 
 
Mean QTVI values were similar to those of healthy controls (–1.29 ± 0.51) 
reported by Berger et al. (1997). 
     The findings demonstrated that no statistically significant difference in the 
mean values of QTVI, Tp-e, and QTc was found when REM sleep was 
compared to the wake stage or NREM sleep (P > 0.05). 
 

4.2.2 Gender and ventricular repolarization (Publication II) 

In male subjects, mean values of QTVI while awake, in NREM and REM sleep 
were –1.1 ± 0.2, –1.1 ± 0.3, –1.3 ± 0.2; in female subjects, the mean values of 
QTVI were –0.9 ± 0.4, –0.9 ± 0.4, and –1.1 ± 0.3, respectively.  
     QT variability index distributions for male and female patients are 
demonstrated in Figure 7.      
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Figure 7. QT variability index distributions. Abbreviations: M, males; F, females; 
QTVI, QT variability index; NREM, non-rapid eye movement sleep stage; REM, rapid 
eye movement sleep stage. 

     A gender dependent difference in the QTVI mean values in different sleep 
stages was detected. Females demonstrated more positive QTVI mean values in 
all wake-sleep stages (P < 0.05). At the same time, within genders, no 
statistically significant difference in the QTVI mean values was found between 
sleep stages. Also, there were significant differences in the corrected QT 
interval values between male and female patients in all wake-sleep stages (P < 
0.05), except between values assessed by the linear regression model with the 
value of α 0.2. 
 

4.2.3 Electrical remodeling in OSA patients (Publication III) 

The mean QTVI was statistically greater (more positive) in OSA patients than 
in non-OSA patients for males while awake (Figure 8).  In females, the mean 
QTVI was statistically greater in OSA patients than in non-OSA patients in all 
sleep stages (Figure 9).   
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Figure 8. QT variability index distributions for male patients. Abbreviations: QTVI, QT 
variability index; NREM, non-rapid eye movement sleep stage; REM, rapid eye 
movement sleep stage; OSA, obstructive sleep apnea; non-OSA, without obstructive 
sleep apnea.   

 
Figure 9. QT variability index distributions for female patients. Abbreviations: QTVI, 
QT variability index; NREM, non-rapid eye movement sleep stage; REM, rapid eye 
movement sleep stage; OSA, obstructive sleep apnea; non-OSA, without obstructive 
sleep apnea.       

 
The median and inter quartile range of SDNN (reflecting the overall HRV) and 
SDQT (reflecting QT variability without normalization to HR) are demonstrated 
for males in Figure 10. The median and inter quartile range of SDNN and 
SDQT are demonstrated for females in Figure 11. 
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Figure 10. Median and inter quartile range of NN interval (SDNN) and QT interval 
(SDQT) in male patients with and without OSA in the wake stage, NREM and REM 
sleep. Stars denote statistically significant (P < 0.05) differences between OSA and non-
OSA patients.    

 
Figure 11. Median and inter quartile range of NN interval (SDNN) and QT interval 
(SDQT) in female patients with and without OSA in the wake stage, NREM and REM 
sleep. Stars denote statistically significant (P < 0.05) differences between OSA and non-
OSA patients. 
      
A comparison of OSA and non-OSA patients revealed no significant differences 
in the QT interval mean values corrected by any algorithms (P > 0.05). 
 

4.3 Discussion 

QT interval beat-to-beat variability is influenced by multiple factors. Although 
the mechanisms contributing to variability are not completely understood, 
elevated sympathetic activity has been considered to be one of the most 
important among them (Piccirillo et al. 2009; Baumert et al. 2011).  
     Therefore, it is tempting to presume that sympathetic bursts in REM sleep 
have influence on ventricular repolarization temporal lability.  
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     However, the results of the first study (Publication I) indicate that 
physiological surges (signal inputs) in SNA characterizing REM sleep do not 
lead to clinically significant fluctuations in beat-to-beat dynamicity of 
ventricular repolarization. It seems that in the absence of substantial structural 
and electrical remodeling of myocardium, physiological elevation in 
sympathetic activity during REM sleep remains subthreshold for clinically 
significant increase of myocardial electrical instability. This finding is 
consistent with the opinion that temporal fluctuations in repolarization are 
aroused by elevated cardiac sympathetic activation in certain pathological 
conditions only (Baumert et al. 2016).  The absence of difference in the mean 
QTc interval values between NREM and REM stages, calculated by all 
algorithms (Publication I), confirms the conclusion that sympathetic surges 
during the physiological REM stage do not adversely affect repolarization.    
     Accumulating evidence suggests that autonomic nervous function 
differences and hormonal influence on ion-channels´ function are among the 
responsible mechanisms for gender differences in ventricular repolarization and 
corresponding arrhythmic risk (Baumert et al. 2016).  
     In the second study (Publication II), a gender dependent difference in the 
QTVI mean values during all sleep stages was detected, females had more 
positive QTVI values in all wake-sleep stages in comparison to men; despite 
this, the parameter remained within the normal range in both genders.  
     The rate-corrected QT interval has been found to be longer in women 
compared to men (Batchvarov et al. 1998; Abi-Gerges et al. 2004; Rautaharju et 
al. 2014). The second study (Publication II) demonstrated that when comparing 
genders, there were significant differences in the corrected QT interval, females 
had longer QTc intervals than males in every wake-sleep stage. 
     The results of the third study (Publication III) are generally in line with 
previous data by Baumert et al. (2008). Even though their study was comprised 
of 12 males and 8 females, the evaluation of gender differences was not 
performed. Because of that, the third study (Publication III) was designed to 
investigate also gender differences in the wake stage and in sleep stages. The 
results of Publication III demonstrated that OSA was associated with changes in 
QT interval variability and females with sleep apnea had more positive values 
of QT variability than males.  
     Previous data on increased QTc in obstructive sleep apnea is rather 
inconclusive. Prolonged QT interval in OSA patients has been reported (Çiçek 
et al. 2012). Rossi et al. (2012) found in a randomized trial that in patients with 
moderate to severe OSA, two weeks of continuous airway pressure (CPAP) 
withdrawal led to significant prolonging of QTc. Shamsuzzman et al. (2015) 
showed that OSA in either men or women was associated with a significant 
increase in resting daytime QTc. Barta et al. (2010) studying the effect of sleep 
apnea demonstrated that nocturnal QTc interval did not show any significant 
change in 24 hours.  
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     The results of the third study (Publication III) are based on the simultaneous 
application of ventricular repolarization variability and duration assessment 
algorithms to polysomnographic ECG recordings at wake-sleep stages. The 
absence of difference of the mean QTc interval values between OSA and non-
OSA patients, calculated by all formulas, confirms the conclusion that QTVI is 
a more valuable prognostic measurement for risk stratification in OSA patients 
than QTc. 
 

4.4 Epilogue  

Beat-to-beat QT interval variability has been investigated in a variety of clinical 
conditions. Thus, the possibility of assessing OSA influence at the ventricular 
level has an obvious purpose. Development of methods that identify risk groups 
is a way to decrease the number of SCD. The major finding of this study is that 
QTVI is a more useful measurement to detect ventricular repolarization 
abnormality in OSA patients than measures of QTc. The algorithm for 
quantifying beat-to-beat fluctuations can be applied to routinely registered 
polysomnographic ECG recordings in patients with OSA for complementary 
risk analysis. However, clinical judgment ultimately must be used in deciding 
which patients need further evaluation. Also, gender-specific cut-off values of 
QTVI need to be defined before this index can become an integral part of 
decision-making.  
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CONCLUSIONS 

The novelty of the experimental study reported in this thesis lies in its 
methodological approach – the simultaneous application of the QT variability 
index (QTVI) and selected QT interval correction (QTc) algorithms to 
polysomnographic ECG recordings at various sleep stages.  
     The main results and implications of the current research were as follows: 

1. The results of this study show that REM-sleep related physiological 
elevation in sympathetic activity does not have an adverse effect on 
ventricular repolarization. Therefore, increased QT interval variability 
measured with mathematical algorithms in patients with OSA is a marker 
for disease-related myocardial electrical instability.  

2. Analysis of geneder differences in the absolute mean values of QTVI and 
QTc during wake-sleep stages confirm that gender is a modulating factor of 
ventricular repolarization. While comparing the values of QT interval 
variability index with suggested normal QTVI values, it is important to 
consider that females tend to have more positive QTVI values than men do.  

3. In male and female patients with obstructive sleep apnea, the QT interval 
variability index (QTVI), calculated by Berger's formula, is a more useful 
noninvasive quantitative measure of ectrocardiography to detect the 
electrical instability than measures of QTc.  

4. In accordance to the study findings, in males with OSA, decreased NN 
variability (SDNN, the denominator in the formula) was the cause of the 
QTVI elevation. In females with OSA, increased QT variance (SDQT, the 
numerator in the formula), rather than a drop in heart rate variance, was 
responsible for increased QTVI. Therefore, the interpretation of QTVI in 
OSA patients needs to reflect the numerator and the denominator.   

 
Finally, the results of this doctoral study offer for researchers and clinicians 
more insights into the effects of sleep stages on left ventricular myocardial 
repolarization signals. The QTVI  is feasible as a computerized screening tool 
for detecting abnormalities in cardiac repolarization in patients with OSA. The 
index can be applied to routinely registered polysomnographic ECG recordings 
in patients with OSA for complementary risk analysis. Appropriate referral to 
further cardiac evaluation for malignant arrhythmia may ensure an effective 
disease management strategy and prevent sudden death. However, prospective 
trials are needed to prove its prognostic value in OSA patients. Since the 
magnitude of beat-to-beat QT interval variability varies between genders during 
wake-sleep stages, the QT variability index should be analysed and interpreted 
in males and females separately both in research studies and in clinical settings. 
 

  



 
 

35 
           

REFERENCES 
Abi-Gerges, N., Philp, K., Pollard, C., et al. (2004). Sex differences in 
ventricular repolarization: from cardiac electrophysiology to torsades de 
pointes. – Fundam Clin Pharmacol, 18 (2), 139–151. 

Alam, I., Lewis, M. J., Lewis, K. E., et al. (2009). Influence of bariatric surgery 
on indices of cardiac autonomic control. – Auton Neurosci, 151 (2), 168–73. 

Algra, A., Tijssen, J. G., Roelandt, J. R., et al. (1991). QTc prolongation 
measured by standard 12-lead electrocardiography is an independent risk factor 
for sudden death due to cardiac arrest. – Circulation 83 (6), 1888–1894. 

Amino. M., Yoshioka, K., Aoki, T., et al. (2016). Arrhythmogenic substrates in 
sleep-disordered breathing with arterial hypertension. – Pacing Clin 
Electrophysiol, 39 (49), 321–329. 

Arias, M. A., García-Río, F., Alonso-Fernández, A., et al. (2005). Obstructive 
sleep apnea syndrome affects left ventricular diastolic function: effects of nasal 
continuous positive airway pressure in men. – Circulation, 112, 375–383. 

Atiga, W. L., Calkins, H., Lawrence, J. H., et al. (1998). Beat-to-beat 
repolarization lability identifies patients at risk for sudden cardiac death. – J 
Cardiovasc Electrophysiol, 9 (9), 899–908. 

Atiga, W. L., Fananapazir, L., McAreavey, D., et al. (2000). Temporal 
repolarization lability in hypertrophic cardiomyopathy caused by beta-myosin 
heavy-chain gene mutations. – Circulation 101 (11), 1237–1242. 

Avbelj, V., Trobec, R., Gersak, B. (2003). Beat-to-beat repolarisation 
variability in body surface electrocardiograms. – Med Biol Eng Comput, 41 (5), 
556–560. 

Barr, C. S., Naas, A., Freeman, M., et al. (1994). QT dispersion and sudden 
unexpected death in chronic heart failure. – Lancet, 343 (8893), 327–329. 

Barta, K., Szabó, Z., Kun, C., et al. (2010). The effect of sleep apnea on QT 
interval, QT dispersion, and arrhythmias. ‒ Clin Cardiol, 33 (6), E35‒39. 

Batchvarov, V., Yi, G., Guo. X., et al. (1998). QT interval and QT dispersion 
measured with the threshold method depend on threshold level. – Pacing Clin 
Electrophysiol, 21 (11 Pt 2), 2372–2375. 

Baumert, M., Lambert, G. W., Dawood, T., et al. (2009). Short-term heart rate 
variability and cardiac norepinephrine spillover in patients with depression and 
panic disorder. – Am J Physiol Heart Circ Physiol, 297 (2), H674–679. 



 
 

36 
           

Baumert, M., Porta, A., Vos, M. A., et al. (2016). QT interval variability in 
body surface ECG: measurement, physiological basis, and clinical value: 
position statement and consensus guidance endorsed by the European Heart 
Rhythm Association jointly with the ESC Working Group on Cardiac Cellular 
Electrophysiology. – Europace, 18, 925–944.  

Baumert, M., Schlaich, M. P., Nalivaiko, E., et al. (2011). Relation between 
QT interval variability and cardiac sympathetic activity in hypertension. – A J 
Physiol Heart Circ Physiol, 300 (4), H1412–H1417. 

Baumert, M., Smith, J., Catcheside, P., et al. (2008). Variability of QT interval 
duration in obstructive sleep apnea: an indicator of disease severity. – Sleep, 31 
(7), 959–966. 

Bazett, J. C. (1920). An analysis of time relations of electrocardiograms. – 
Heart, 7, 353–367. 

Berger, R. D., Kasper, E. K., Baughman, K. L., et al. (1997). Beat-to-beat QT 
interval variability. Novel evidence for repolarization lability in ischemic and 
nonischemic dilated cardiomyopathy. –Circulation, 96 (5), 1557–1565. 

Berry, R.B., Brooks, R., Gamaldo, C.E., et al. for the American Academy of 
Sleep Medicine. (2017). The AASM manual for the scoring of sleep and 
associated events: rules, terminology and technical specifications. Version 2.4. 
Darien, IL: American Academy of Sleep Medicine. 

Bexton, R. S., Vallin, H. O., Camm, A. J. (1986). Diurnal variation of the QT 
interval. Influence of the autonomic nervous system. – Br Heart J, 55 (3), 253–
225. 

Bonnemeier, H., Wiegand, U. K., Braasch, W., et al. Circadian profile of QT 
interval and QT interval variability in 172 healthy volunteers. – Pacing Clin 
Electrophysiol, 26 (1 Pt 2), 377–82. 

Browne, K. F., Prystowsky, E., Heger, J. J., et al. (1983). Prolongation of the 
Q-T interval in man during sleep. – Am J Cardiol, 52 (1), 55–59. 

Cappato, R., Alboni, P., Pedroni, P., et al. (1991). Sympathetic and vagal 
influences on rate-dependent changes of QT interval in healthy subjects. – Am J 
Cardiol, 68 (11), 1188–1193. 

Carskadon, M.A., Dement, W.C. (2011). Normal human sleep: an overview. 
In: Kryger MH, Roth T and Dement WC (Eds) Principles and practice of sleep 
medicine. Elsevier Saunders, Philadelphia, PA, 17–23. 



 
 

37 
           

Çiçek, D., Lakadamyali, H., Gökay, S., et al. (2012). Effect of obstructive sleep 
apnea on heart rate, heart rate recovery and QTc and P-wave dispersion in 
newly diagnosed untreated patients. ‒ Am J Med Sci, 344 (3), 180‒185. 

Danica, L. P., Krotin, M., Zdravkovic, M., et al. (2014). Early left ventricular 
systolic and diastolic dysfunction in patients with newly diagnosed obstructive 
sleep apnoea and normal left ventricular ejection fraction.– The Scientific World 
Journal, ID 898746. 

Deegan, P.C., McNicholas, W.T. (1995). Pathophysiology of obstructive sleep 
apnoea. – Eur Respir J, 8 (7), 1161–1178. 

Dobson, C. P., La Rovere, M. T., Pinna, G. D. et al. (2011). QT variability 
index on 24-hour Holter independently predicts mortality in patients with heart 
failure: analysis of Gruppo Italiano per lo Studio della Sopravvivenza 
nell’Insufficienza Cardiaca (GISSI-HF) trial. – Heart Rhythm, 8 (8), 1237–
1242. 

Dobson, C. P., Kim, A., Haigney, M. (2013). QT variability index, – Prog 
Cardiovasc Dis, 56 (2), 186–194. 

Dogan, A., Tunc, E., Varol, E., et al. (2005). Comparison of the four formulas 
of adjusting QT interval for the heart rate in the middle-aged healthy Turkish 
men. – Ann. Noninvasive Electrocardiol. 10 (2), 134–141. 

Duran, J., Esnaola, S., Rubio, R., Iztueta, A. (2001). Obstructive sleep apnea-
hypopnea and related clinical features in a population-based sample of subjects 
aged 30 to 70 yr. – Am J Respir Crit Care Med, 163 (3), 685–689. 

Epstein, L. J., Kristo, D., Strollo, P. J., et al. (2009). Clinical guideline for the 
evaluation, management, and long-term care of obstructive sleep apnea in 
adults. – J Clin Sleep Med, 5 (3), 263–276. 

Extramiana, F., Maison-Blanche, P., Badilini, F., et al. (1999). Circadian 
modulation of QT rate dependence in healthy volunteers. Gender and age 
differences. – J Electrocardiol, 32 (1), 33–43.  

Fischer, C., Seeck, A., Schroeder, R. et al. (2015). QT variability improves risk 
stratification in patients with dilated cardiomyopathy. – Physiol Meas, 36 (4), 
699713. 

Fridericia, L. S. (1920). Die Systolendauer im Elektrokardiogramm bei 
normalen Menschen und bei Herzkranken. [The duration of systole in the 
electrocardiogram of normal subjects and of patients with heart disease.] – Acta 
Med Scan, 53, 469–486. 



 
 

38 
           

Gami, A. S., Howard, D. E., Olson, E. J., Somers, V. K. (2005). Day-night 
pattern of sudden death in obstructive sleep apnea, – N Engl J Med, 352 (12), 
1206–1214. 

Gami, A. S., Olson, E. J., Shen, W. K., et al. (2013). Obstructive sleep apnea 
and the risk of sudden cardiac death: a longitudinal study of 10,701 adults. – J 
Am Coll Cardiol, 62 (7), 610–661.  

Gao, S.A., Johansson, M., Hammaren, A., et al. .(2005) Reproducibility of 
methods for assessing baroreflex sensitivity and temporal QT variability in end-
stage renal disease and healthy subjects. –Clin Auton Res, 15 (1), 21–28. 

Gillis, A. M., MacLean, K. E., Guilleminault, C. (1988). The QT interval during 
wake and sleep in patients with ventricular arrhythmias. ‒ Sleep, 11 (4), 333–
339.  

Gillis, A. M., Stoohs, R., Guilleminault, C. (1991). Changes in the QT interval 
during obstructive sleep apnea. ‒ Sleep, 14 (4), 346‒350. 

Goldberger, A. L., Amaral, L., Glass, L., et al. (2000). PhysioBank, 
PhysioToolkit, and PhysioNet: Components of a new research resource for 
complex physiologic signals. ‒ Circulation, 101 (23), e215‒220.  

Goldberger, J. J., Cain, M. E., Hohnloser, S. H., et al. (2008). American Heart 
Association/American College of Cardiology Foundation/Heart Rhythm Society 
scientific statement on noninvasive risk stratification techniques for identifying 
patients at risk for sudden cardiac death. A scientific statement from the 
American Heart Association Council on Clinical Cardiology Committee on 
Electrocardiography and Arrhythmias and Council on Epidemiology and 
Prevention. – J. Am. Coll. Cardiol, 52 (14), 1179–1799. 

Goldenberg, I., Moss, A. J., Zareba, W. (2006). QT interval: how to measure it 
and what is “normal.” – J Cardiovasc Electrophysiol, 17 (3), 333–336. 

Guilleminault, C., Poyares, D., Rosa, A., Huang, Y. S. (2005). Heart rate 
variability, sympathetic and vagal balance and EEG arousals in upper airway 
resistance and mild obstructive sleep apnea syndromes.– Sleep Med, 6 (5), 451–
457. 

Haarmark, C., Hansen, P. R., Vedel-Larsen, E., et al. (2009). The prognostic 
value of the Tpeak-Tend interval in patients undergoing primary percutaneous 
coronary intervention for ST-segment elevation myocardial infarction. – J 
Electrocardiol, 42 (6), 555–560. 

 



 
 

39 
           

Haigney, M. C, Zareba, W., Gentlesk, P. J., et al. (2004). QT interval variability 
and spontaneous ventricular tachycardia or fibrillation in the Multicenter 
Automatic Defibrillator Implantation Trial (MADIT) II patients. – J Am Coll 
Cardiol, 44 (7), 1481–1487.  

Haigney, M. C., Zareba, W., Nasir, J. M., et al. (2009). Gender differences and 
risk of ventricular tachycardia or ventricular fibrillation. – Heart Rhythm, 6 (2), 
180–186. 

Hamilton, P. S., Tompkins, W. J. (1986). Quantitative investigation of QRS 
detection rules using the MIT/BIH arrhythmia database. – IEEE Trans Biomed 
Eng, 33 (12), 1157–1165. 

Hasan, M. A., Abbott, D., Baumert, M. (2012). Relation between beat-to-beat 
QT interval variability and T-wave amplitude in healthy subjects. – Ann 
Noninvasive Electrocardiol, 17 (3), 195–203. 

Hnatkova, K., Kowalski, D., Keirns, J. J., et al. (2013). Relationship of QT 
interval variability to heart rate and RR interval variability. – J Electrocardiol, 
46 (6), 591–596. 

Iber, C., Ancoli-Israel, S., Chesson Jr., A., L.,Quan, S. F. (2007). The AASM 
manual for the scoring of sleep and associated events: rules, terminology and 
technical specifications. 1st ed. Westchester, IL: American Academy of Sleep 
Medicine. 

Jensen, B. T., Larroude,  C. E., Rasmussen, L. P., et al. (2004). Beat-to-beat QT 
dynamics in healthy subjects. – Ann Noninvasive Electrocardiol, 9 (1), 3–11. 

Kaik, J., Pindmaa, M., Viigimae, M., et al. (2014). Comparison of different QT-
interval variability assessment models in patients with various degree of sleep 
apnea. – Proceedings of the 12th International Dead Sea Symposium (IDSS) on 
Innovations in Cardiac Arrhythmias and Devices Therapy, Tel-Aviv, 98. 

Kilicaslan, F., Tokatli, A., Ozdag, F., et al. (2012). Tp-e interval, Tp-e/QT 
ratio, and Tp-e/QTc ratio are prolonged in patients with moderate and severe 
obstructive sleep apnea. – Pacing Clin Electrophysiol, 35(8), 966–972. 

Kohler, M., Stoewhas, A. C., Ayers, L., et al. (2011). Effects of continuous 
positive airway pressure therapy withdrawal in patients with obstructive sleep 
apnea: a randomized controlled trial. – Am J Respir Crit Care Med, 184, 1192–
1199.  

Korcarz, C. E., Peppard, P. E., Young, T. B., et al. (2016). Effects of 
obstructive sleep apnea and obesity on cardiac remodeling: the Wisconsin Sleep 
Cohort Study.– Sleep, 39 (6), 1187-1195.  



 
 

40 
           

Kors, J. A., van Ritsema, E. H. J., van Herpen, G. (2008). The meaning of the 
Tp-Te interval and its diagnostic value. – J Electrocardiol, 41 (6), 575–580. 

Kostis, W. J, Belina, J. C. (2000). Differences in beat-to-beat variability of the 
QT interval between day and night. – Angiology, 51 (11), 905–911. 

Laguna, P., Jané, R., Caminal, P. (1994). Automatic detection of wave 
boundaries in multilead ECG signals: validation with the CSE Database. – 
Comput Biomed Res, 27 (1), 45-60. 

Lanfranchi, P. A., Shamsuzzaman, A. S., Ackerman, M. J., et al. (2002). Sex-
selective QT prolongation during rapid eye movement sleep. Circulation, 106 
(12), 1488–1492. 

Lamberts, M., Nielsen, O. W., Lip, G. Y., et al. (2014). Cardiovascular risk in 
patients with sleep apnoea with or without continuous positive airway pressure 
therapy: follow-up of 4.5 million Danish adults. – J Intern Med, 276 (6), 659–
666. 

Lepeschkine, E., Surawicz, B. (1952). The measurement of the Q-T interval of 
the electrocardiogram. – Circulation, 6 (3), 378–388. 

Luyster, F. S., Kip, K. E., Buysse, D. J., et al. (2014). Traditional and 
nontraditional cardiovascular risk factors in comorbid insomnia and sleep 
apnea, – Sleep, 37 (3), 593-600. 

Maeder, M. T., Schoch, O. D., Rickli, H. (2016). A clinical approach to 
obstructive sleep apnea as a risk factor for cardiovascular disease. – Vasc 
Health Risk Manag, 12, 85–103.  

Magnano, A. R., Holleran, S., Ramakrishnan, R., et al. (2002). Autonomic 
nervous system influences on QT interval in normal subjects. – J Am Coll 
Cardiol, 39 (11), 1820–1826. 

Malik, M. (2008). Beat-to-beat QT variability and cardiac autonomic 
regulation. – Am J Physiol Heart Circ Physiol, 295 (3), H923–H925.  

Malik, M., Färbom, P., Batchvarov, V., et al. (2002). Relation between QT and 
RR intervals is highly individual among healthy subjects: implications for heart 
rate correction of the QT interval. – Heart, 87 (3), 220–228. 

Malik, M., Garnett, C. E., Zhang, J. (2010). Thorough QT Studies: Questions 
and Quandaries. – Drug Saf , 33(1), 1–14. 

Malik, M., Hnatkova, K., Kowalski, D., et al. (2013). QT/RR curvatures in 
healthy subjects: sex differences and covariates. – Am J Physiol Heart Circ 
Physiol, 305 (12), H1798–806. 

https://www.ncbi.nlm.nih.gov/pubmed/8004942
https://www.ncbi.nlm.nih.gov/pubmed/18641269


 
 

41 
           

McLaughlin, N. B., Campbell, R. W., Murray, A. (1995). Comparison of 
automatic QT measurement techniques in the normal 12 lead electrocardiogram. 
– Heart, 74 (1), 84–89. 

Mehra, R., Benjamin, E., Shahar, E., et al. (2006). Association of nocturnal 
arrhythmias with sleep-disordered breathing. The Sleep Heart Health Study. – 
Am J Respir Crit Care Med, 173 (8), 910–916. 

Merri, M., Alberti, M., Moss, A. J. (1993). Dynamic analysis of ventricular 
repolarization duration from 24-hour Holter recordings. – IEEE Trans Biomed 
Eng, 40 (12), 1219–1225. 

Mine, T., Shimizu, H., Hiromoto, K., et al. (2008). Beat-to-beat QT interval 
variability is primarily affected by the autonomic nervous system. – Ann 
Noninvasive Electrocardiol, 13 (3), 228–233.  

Molnar, J., Zhang, F., Weiss, J., et al. (1996). Diurnal pattern of QTc interval: 
how long is prolonged? Possible relation to circadian triggers of cardiovascular 
events. – J Am Coll Cardiol, 27 (1), 76–83. 

Montanez, A., Ruskin, J. N., Hebert, P. R., et al. (2004). Prolonged QTc 
interval and risks of total and cardiovascular mortality and sudden death in the 
general population: a review and qualitative overview of the prospective cohort 
studies. – Arch Intern Med. 164 (9), 943–948. 

Moody, G. B., Koch, H., Steinhoff, U. (2006). The PhysioNet/Computers in 
cardiology challenge 2006: QT interval measurement. – Computers in 
Cardiology, 33, 313–316. 

Murabayashi, T., Fetics, B.,Kass, D., et al. (2002). Beat-to-beat QT interval 
variability associated with acute myocardial ischemia. – J Electrocardiol, 35 
(1), 19–25. 

Murakawa, Y., Inoue, H., Nozaki, A., Sugimoto, T. (1992). Role of 
sympathovagal interaction in diurnal variation of QT interval. – J Am Coll 
Cardiol, 69 (4), 339–343. 

Narkiewicz, K., van de Borne, P. J., Cooley, R.L., et al. (1998). Sympathetic 
activity in obese subjects with and without obstructive sleep apnea. – 
Circulation, 98, 772–776. 

Niemeijer, M. N., van den Berg, M. E., Eijgelsheim, M., et al. (2014). Short-
term QT variability markers for the prediction of ventricular arrhythmias and 
sudden cardiac death: a systematic review. – Heart. 100 (23), 1831–1836. 

https://www.ncbi.nlm.nih.gov/pubmed/7907317
https://www.ncbi.nlm.nih.gov/pubmed/7907317


 
 

42 
           

Palma, J. A., Urrestarazu, E., Lopez-Azcarate, J., et al. (2013). Increased 
sympathetic and decreased parasympathetic cardiac tone in patients with sleep 
related alveolar hypoventilation. – Sleep, 36 (6), 933‒940.  

Panikkath, R., Reinier, K., Uy-Evanado, A., et al. (2011). Prolonged Tpeak-to-
Tend interval on the resting ECG is associated with increased risk of sudden 
cardiac death. ‒ Circ Arrhythm Electrophysiol, 4 (4), 441‒447.  

Passino, C., Franzoni, F., Gabutti, A., et al. (2004). Abnormal ventricular 
repolarization in hypertensive patients: role of sympatho-vagal imbalance and 
left ventricular hypertrophy. ‒ Int J Cardiol, 97 (1), 57‒62. 

Peppard, P. E., Youn, T., Palta, M., Skatrud, J. (2000). Prospective study of the 
association between sleep-disordered breathing and hypertension. – N Engl J 
Med, 342 (19), 1378–1384. 

Peppard, P. E., Young, T., Barnet, J. H., et al. (2013). Increased prevalence of 
sleep-disordered breathing in adults. – Am J Epidemiol, 177 (9), 1006–1014. 

Perkiömäki, J. S., Koistinen, M. J., Yli-Mäyry, S., Huikuri, H. V. (1995). 
Dispersion of QT interval in patients with and without susceptibility to 
ventricular tachyarrhythmias after previous myocardial infarction. – J Am Coll 
Cardiol, 26 (1), 174–179. 

Piccirillo, G., Cacciafesta, M., Lionetti, M., et al. (2001). Influence of age, the 
autonomic nervous system and anxiety on QT-interval variability. ‒ Clin Sci, 
101 (4), 429‒38. 

Piccirillo, G., Magrì, D., Matera, S., et al. (2007). QT variability strongly 
predicts sudden cardiac death in asymptomatic subjects with mild or moderate 
left ventricular systolic dysfunction: a prospective study. – Eur Heart J, 28 (11), 
1344–1350. 

Piccirillo, G., Magrı, D., Ogawa, M. et al. (2009). Autonomic nervous system 
activity measured directly and QT interval variability in normal and pacing-
induced tachycardia heart failure dogs. –      J Am Coll Cardiol, 54 (9), 840–
850. 

Porta, A., Tobaldini, E., Gnecchi-Ruscone, T., Montano, N. (2010). RT 
variability unrelated to heart period and respiration progressively increases 
during graded head-up tilt. – Am J Physiol Heart Circ Physiol, 298 (5), H1406–
1414. 

Punjabi, N. M. (2008). The epidemiology of adult obstructive sleep apnea. – 
Proc Am Thorac Soc, 5 (2), 136–143. 

https://www.ncbi.nlm.nih.gov/pubmed/21593198
https://www.ncbi.nlm.nih.gov/pubmed/?term=Abnormal+ventricular+repolarization+in+hypertensive+patients%3A+role+of+sympatho-vagal+imbalance+and+left+ventricular+hypertrophy


 
 

43 
           

Rautaharju, P. M., Mason, J. W., Akiyama, T. (2014). New age- and sex-
specific criteria for QT prolongation based on rate correction formulas that 
minimize bias at the upper normal limits. – Int J Cardiol, 174 (3), 535–540.  

Rautaharju, P. M., Surawicz, B., Gettes, L. S. (2009). AHA/ACCF/HRS 
recommendations for the standardization and interpretation of the 
electrocardiogram: part IV: the ST segment, T and U waves, and 
the QT interval: a scientific statement from the American Heart Association 
Electrocardiography and Arrhythmias Committee, Council on Clinical 
Cardiology; the American College of Cardiology Foundation; and 
the Heart Rhythm Society. Endorsed by the International Society for 
Computerized Electrocardiology. – J Am Coll Cardiol, 53 (11), 982–991. 

Rautaharju, P. M., Warren, J.W., Calhoun, H. P. (1990). Estimation of QT 
prolongation: a persistent, avoidable error in computer electrocardiography. – J 
Electrocardiol, 23, 111–117. 

Romero-Corral, A., Somers, V., Pellikka, P., et al. (2007). Decreased right and 
left ventricular myocardial performance in obstructive sleep apnea. – Chest, 132 
(6), 1863–1870. 

Rossi, V.A., Stoewhas, A. C., Camen, G., et al. (2012). The effects of 
continuous positive airway pressure therapy withdrawal on cardiac 
repolarization: data from a randomized controlled trial. – Eur Heart J, 33 (17), 
2206–2212. 

Sagie, A., Larson, M. G., Goldberg, R. J., et al. (1992). An improved method 
for adjusting the QT interval for heart rate (the Framingham Heart Study). – Am 
J Cardiol 70 (7), 797–801. 

Schouten, E. G., Dekker, J. M., Meppelink, P., et al. (1991). QT interval 
prolongation predicts cardiovascular mortality in an apparently healthy 
population. – Circulation, 84 (4), 1516–1523. 

Shamsuzzaman, A., Amin, R. S., van der Walt, C., et al. (2015). Daytime 
cardiac repolarization in patients with obstructive sleep spnea. ‒ Sleep Breath, 
19 (4), 1135‒1140.  

Shepard, J.W. Jr., Garrison, M. W., Grither, D. A., Dolan, G. F. (1985). 
Relationship of ventricular ectopy to oxyhemoglobin desaturation in patients 
with obstructive sleep apnea. – Chest, 88 (3), 335–340. 

Sleep-related breathing disorders in adults: recommendations for syndrome 
definition and measurement techniques in clinical research. The Report of an 
American Academy of Sleep Medicine Task Force. – Sleep, 1999, 22, 667–89.  

https://www.ncbi.nlm.nih.gov/pubmed/19281931


 
 

44 
           

Smetana, P., Malik, M. (2013). Sex differences in cardiac autonomic regulation 
and in repolarisation electrocardiography. – Pflugers Archiv, 465 (5), 699–717. 

Somers, V. K., Dyken, M. E., Clary, M. P., Abboud, F. M. (1995). Sympathetic 
neural mechanisms in obstructive sleep apnea. – J Clin Invest, 96 (4), 1897–
1904. 

Somers, V. K., Dyken, M. E., Mark, A. L., Abboud, F. M. (1993). Sympathetic-
nerve activity during sleep in normal subjects. – N Engl J Med, 328 (5), 303–
307. 

Somers, V. K, Mark, A. L., Zavala, D.C., et al. (1989). Contrasting effects of 
hypoxia and hypercapnia on ventilation and sympathetic activity in humans. – J 
Appl Physiol, 67 (5), 2101–2106. 

Sredniawa, B., Musialik-Lydka, A., Jarski, P., et al. (2005). Circadian and sex-
dependent QT dynamics. – Pacing Clin Electrophysiol, 28 (Suppl 1), S211–
216. 

Stoohs, R., Guilleminault, C. (1992). Cardiovascular changes associated with 
obstructive sleep apnea syndrome. – J Appl Physiol, 72 (2), 583–589. 

Straus, S. M., Kors, J. A., De Bruin, M. L., et al. (2006). Prolonged QTc 
interval and risk of sudden cardiac death in a population of older adults. – J Am 
Coll Cardiol, 47 (2), 362–367. 

Sur, S., Han, L., Tereshchenko, L. G. (2013). Comparison of sum absolute 
QRST integral, and temporal variability in depolarization and repolarization, 
measured by dynamic vectorcardiography approach, in healthy men and 
women. – PLoS One, 8 (2), e57175. 

Surawicz, B., Parikh, S. R. (2003). Differences between ventricular 
repolarization in men and women: Description, mechanism and implications. – 
Ann Noninvasive Electrocardiol, 8 (4), 333–340. 

Tereshchenko, L. G., Berger, R. D. (2011). Towards a better understanding of 
QT interval variability. – Ther Adv Drug Saf, 2 (6), 245–251. 

Tereshchenko, L. G., Cygankiewicz, I., McNitt, S., et al. (2012). Predictive 
value of beat-to-beat QT variability index across the continuum of left 
ventricular ysfunction: competing risks of noncardiac or cardiovascular death, 
and sudden or non-sudden cardiac death. – Circ Arrhythm Electrophysiol, 5 (4), 
719–727. 

Toivonen, L. (2002). More light on QT interval measurement. – Heart, 87 (3), 
193–194. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Sredniawa%20B%5BAuthor%5D&cauthor=true&cauthor_uid=15683499
https://www.ncbi.nlm.nih.gov/pubmed/?term=Circadian+and+Sex-Dependent+QT+Dynamics
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3432262/


 
 

45 
           

Vandenberk, B., Vandael, E., Robyns, T., et al. (2016). Which QT Correction 
Formulae to Use for QT Monitoring? – J Am Heart Assoc, 5(6), e003264.  

Vardhan, V., Shanmuganandan, K. (2012). Hypertension and catecholamine 
levels in sleep apnoea. – Med J Armed Forces India, 68 (1), 33-38. 

Verrier, R. L., Josephson, M. E. (2009). Impact of sleep on arrhythmogenesis. 
– Circulation, 2 (4), 450–459. 

Verrier, R. L., Muller, J. E., Hobson, J. A. (1996). Sleep, dreams, and sudden 
death: the case for sleep as an autonomic stress test for the heart. – Cardiovasc 
Res, 31 (2), 181–211. 

Veski, K., Karai, D., Pilt, K., et al. (2010). Application of novel QT interval 
correction and QT/RR assessment models to ECG 24-hour recordings in cardiac 
patients. – Estonian Journal of Engineering, 16 (1), 107–120. 

Voigt, L., Haq, S. A., Mitre, C. A., et al. (2011). Effect of obstructive sleep 
apnea on QT dispersion: a potential mechanism of sudden cardiac death. – 
Cardiology, 118 (1), 68–73. 

Vrtovec, B., Starc, V., Starc, R. (2000). Beat-to-beat QT interval variability in 
coronary patients. –      J Electrocardiol, 33 (2), 119–125. 

Yarnoz, M. J., Curtis, A. B. (2008). More reasons why men and women are not 
the same (gender differences in electrophysiology and arrhythmias). – Am J 
Cardiol, 101 (9), 1291–1296. 

Yeragani, V. K., Pohl, R., Jampala ,V. C., et al. (2000a). Effect of posture and 
isoproterenol on beat-to-beat heart rate and QT variability. – 
Neuropsychobiology, 41 (3), 113–123. 

Yeragani, V.  K., Pohl, R., Jampala, V. C., et al. (2000b). Increased QT 
variability in patients with panic disorder and depression. – Psychiatry Res, 93 
(3), 225–235. 

Young, T., Palta, M., Dempsey, J., et al. (1993). The occurrence of sleep 
disordered breathing among middle aged adults. ‒ N Engl J Med , 328 (17), 
1230‒1235. 

Zhang, Y., Post, W. S., Dalal, D., et al. (2011). QT-interval duration and 
mortality rate. ‒ Arch Intern Med, 171 (19), 1727‒1733 

  



 
 

46 
           

ACKNOWLEDGEMENTS 
 
Dedication  

This thesis is dedicated to professor Jüri Kaik (18.05.1953 ‒ 23.06.2017).  

 

Acknowledgement 

I am sincerely thankful to everyone who has been helping and contributing to 
the work of my thesis. There are a number of people behind this work who 
deserve to be acknowledged and thanked. 
     I would like to express my deep gratitude to my former supervisor professor 
Jüri Kaik for his patient guidance, constructive suggestions, immense 
knowledge and kind support. His guidance helped me at all times on my way of 
the path of science.  
     I am very grateful to my supervisor professor Kalju Meigas for his valuable 
guidance and positive support that made this work possible. 
     My grateful thanks are extended to my co-authors Deniss Karai, Kristjan 
Pilt, Peeter Pirn, Olli Polo, and Heini Huhtala for fruitful co-operation and 
contribution. 
     I would like to thank a statistical consultant Tanel Kaart from the Estonian 
University of Life sciences for his willingness to give his time and help me with 
the statistical analysis. 
     I wish to thank the staff at the Department of Health Technologies for 
providing a friendly and supportive research environment.  
     Most importantly, I would like to express my gratitude to my family: Jüri, 
my son Henri, my mom Juta, and my sister Maaja with her children, for their 
heartfelt encouragement throughout my study and supporting my life in general. 
My sincere thanks also goes to my close friends for their help in overcoming 
numerous obstacles I have been facing through my way. 
     The research was funded partly by the Estonian Ministry of Education and 
Research under institutional research financing IUT 19-2 and by Estonian 
Centre of Excellence in IT (EXCITE) funded by European Regional 
Development Fund. 
 
  



 
 

47 
           

ABSTRACT 
Analysis of Ventricular Repolarization Signals in Obstructive Sleep Apnea 

In recent decades, the interest in obstructive sleep apnea has grown in the 
medical and research community due to its established association with 
ventricular arrhythmias and sudden cardiac death.  
     The general aim of this research was to investigate the ability of various 
mathematical algorithms to detect myocardial electrical instability in patients 
with and without obstructive sleep apnea by analysing polysomnographic 
recordings. For this purpose, the QT variability index, three QT interval 
correction methods (two of them with different α-values), and the Tpeak–Tend 
interval were applied in different sleep stages. 
     In the first part of the thesis, the physiology of sleep, pathophysiology of 
obstructive sleep apnea, and measurement principles of electrocardiographic QT 
interval parameters are discussed. In the second part of the thesis, methods and 
results of the experimental studies are presented. The first study aimed to 
determine whether REM sleep affects QT interval variability and duration. The 
second study was aimed to evaluate the gender effects on the QT interval 
parameters during different sleep stages. The aim of the third study was to 
determine which noninvasive quantitative measure can detect myocardial 
electrical instability in patients with obstructive sleep apnea.  
     The main findings of this research include: 

o The results of this study show that REM-sleep related physiological 
elevation in sympathetic activity does not have an adverse effect on 
ventricular repolarization. Therefore, increased QT interval variability in 
patients with OSA is a marker for disease-related myocardial electrical 
instability.  

o Analysis of geneder differences in the absolute mean values of QTVI and 
QTc during wake-sleep stages confirm that gender is a modulating factor of 
ventricular repolarization. While comparing the values of QT interval 
variability index with suggested normal QTVI values, it is important to 
consider that females tend to have more positive QTVI values than men do.  

o In male and female patients with sleep apnea, the QT interval variability 
index is a more useful noninvasive quantitative measure of 
ectrocardiography to detect the electrical instability than QT correction 
formulas.  

o The interpretation of the QTVI values in OSA patients needs to take into 
account how the numerator (SDQT) and/or the denominator (SDNN) 
influenced the end result.   

The QT variability index is feasible as a computerized screening tool for 
detecting abnormalities in cardiac repolarization in patients with OSA.  
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KOKKUVÕTE 
Ventrikulaarse repolarisatsiooni signaalide analüüs obstruktiivse uneapnoe 
korral 

Viimastel aastakümnetel on meditsiini- ja teadusringkonnas kasvanud huvi 
obstruktiivse uneapnoe vastu, mis on tingitud selle haiguse seotusest 
ventrikulaarsete rütmihäirete ja südame äkksurmaga.  
     Käesoleva uurimistöö põhieesmärgiks oli uurida valitud 
polüsomnograafiliste salvestuste põhjal erinevate matemaatiliste algoritmide 
võimet tuvastada müokardiaalset elektrilist ebastabiilsust obstruktiivse 
uneapnoega ja apnoeta patsientidel. Sellel eesmärgil kasutati une eri faasides 
QT intervalli varieeruvuse indeksit, QT-intervalli korrigeerimise valemeid 
(kahte valemit erinevate α väärtustega) ja Tp-e intervalli. 
     Töö esimeses osas on käsitletud une füsioloogiat, obstruktiivse uneapnoe 
patofüsioloogiat ning elektrokardiograafilise QT intervalli parameetrite 
mõõtmispõhimõtteid. Töö teises osas on käsitletud läbiviidud 
eksperimentaalsete uuringute meetodikat ja tulemusi. Esimese uuringu eesmärk 
oli uurida REM unefaasi mõju QT-intervalli varieeruvusele ja kestusele. Teise 
uuringu eesmärk oli hinnata soolist mõju QT-intervalli parameetritele erinevates 
unefaasides. Kolmanda uuringu eesmärk oli kindlaks teha, milline 
kvantitatiivne mõõtmisviis tuvastab obstruktiivse uneapnoeaga patsientidel 
müokardiaalse elektrilise ebastabiilsuse.  
     Uurimistöö peamised tulemused on järgmised: 
o REM-uni ei avalda kõrvalmõju ventrikulaarsele repolarisatsioonile, mistõttu 

peab uneapnoe patsientidel matemaatiliste algoritmidega tuvastatud QT-
intervalli varieeruvuse suurenemist käsitlema haigusest tingitud müokardi 
elektrilise ebastabiilsuse näitajana.  

o QTVI ja QTc keskmiste väärtuste võrdlus meeste ja naiste seas eri une 
faasides kinnitab, et soolisus on oluline ventrikulaarset repolarisatsiooni 
moduleeriv tegur. QTVI väärtuste võrdlemisel normi väärtustega on oluline 
arvestada, et naistel on QTVI väärtused positiivsemad kui meestel. 

o Obstruktiivse uneapnoega mees- ja naispatsientidel on müokardi elektrilise 
ebastabiilsuse hindamiseks arvutatud QT-intervalli varieeruvuse indeks 
informatiivsem kui valemitega korrigeeritud QT intervall.  

o Obstruktiivse uneapnoe patsientidel QTVI valemiga arvutatud tulemuste 
interpreteerimisel peab arvestama, kuidas lugeja (SDQT) ja/või nimetaja 
(SDNN) mõjutas lõpptulemust. 

QT intervalli varieeruvuse indeks on arvutipõhine skriinimise vahend, mida on 
võimalik rakendada kliinilises praktikas uneapnoega patsientidel südame 
elektrilise ebastabiilsuse hindamiseks. 
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